Unconventional Superconductivity and Electron Correlations in Cobalt Oxyhydrate 

Nao.asCoOs-yHaO 
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We report a precise ^^Co nuclear quadrupolar resonance (NQR) measurement on the recently dis- 
covered cobalt oxyhydrate Nao.35Co02-yH20 superconductor from T=40 K down to 0.2 K. We find 
that in the normal state the spin-lattice relaxation rate follows a Curie- Weiss type temperature 
(T) variation, 1/T\T = C/{T — 9), with 9=-42 K, suggesting two-dimensional antiferromagnetic spin 
correlations. Below Tc—3.9 K, l/Ti decreases with no coherence peak and follows a T" dependence 
with n ~2.2 down to ~2.0 K but crosses over to a l/Ti cx T variation below T—IA K, which 
suggests non s-wave superconductivity. The data in the superconducting state are most consistent 
with the existence of line nodes in the gap function. 

PACS numbers: 74.25.-q, 74.25.Nf 



The recent discovery of superconductivity in layered 
cobalt oxyhydrate Nao.35Co02-?/H2 Q has generated 
new excitement in the condensed matter physics commu- 
nity, since it suggests a possible new route to find high-Tc 
superconductivity and also demonstrates the richness of 
physics in layered transitional metal oxides. The com- 
pound consists of two-dimensional C0O2 layers separated 
by insulating blocks of Na+^ and H2O molecules, resem- 
bling the layered structure of copper-oxide high- Tc su- 
perconductors. Because of the octahedral crystal envi- 
ronment, C0+'' is in the low spin state (S'=l/2), and the 
compound Nao.35Co02-2/H20 is considered as a system 
in which 35% electrons are doped to a spin 1/2 triangu- 
lar lattice. Insight from investigations of this compound 
is expected to shed light on the mechanism of cuprate 
superconductors. Several experiments 2, 3, .4, i 6J have 
been conducted to investigate its physical properties and 
many theoretical proposals on the symmetry of the super- 
conductivity 7,&j 9j 10, 11, I2J have been put forward. 

In this Letter, we report a precise measurement using 
^^Co nuclear quadrupolar resonance (NQR) on the nor- 
mal and superconducting states of Nao.35Co02 -2/1120. In 
the normal state, it was found that the spin lattice re- 
laxation rate 1/Ti divided by temperature (T) follows a 
Curie- Weiss law of 1/TiT rxl/{T-\- 42), suggesting the 
two dimensional antiferromagnetic spin correlations. In 
the superconducting state, 1/Ti decreases below Tc—3.9 
K, with no coherence peak and follows a power-law of 
T" with n ~2.2 down to ^^2.0 K but crosses over to a 
1/Ti oc T variation below T=1.A K, which suggests un- 
conventional superconductivity. These results show that 
the layered Co compound bears a close resemblance to 
the Copper-oxide high- Tc superconductors without a full 
gap. 

The Naa;Co02;yH20 powder was synthesized as de- 
scribed in Ref. hj and hj. The x-ray spectrum shows 
the reflections of the hexagonal space group P63/mmc 



with lattice parameters a=2.820 A and c=19.593 A 
Tc was found to be 3.9 K from the ac susceptibility mea- 
sured by using the in-situ NQR coil. NQR measure- 
ments were carried out using a phase-coherent spectrome- 
ter. Measurements below 1.4 K were performed by using 
a "^He/^He dilution refrigerator and a small amplitude 
of radio-frequency pulses. The l/Ti of ^^Co was mea- 
sured by the saturation-recovery method. Three NQR 
transition lines arising from spin 1—1/2 of ^^Co corre- 
sponding to j/Q=4.12 MHz and the asymmetry parame- 
ter 7y=0.223 were found. Here vq and rj are defined as 

with 



Q^, and T] = 



Q being the nuclear quadrupolar moment, 7=7/2 being 
the nuclear spin and ^^{a — x,y,z) being the electric 
field gradient at the position of the nucleus ll^j. The 
inset of Fig. 1 shows the ± 3/2^±5/2 transition line 
at whose peak Ti was measured. The spectrum has a 
full- width- at-half-maximum of 0.3 MHz. The main panel 
of the figure shows the typical nuclear magnetization 
M (t) that is excellently fitted to the theoretical curve 



Mo-M(t) 

Mr, 



0.095 



5exv^3t/Ti) + O.Q95exp{~9.5t/Ti) -f 
0.819e2:p(-19t/ri) [15|, with a unique Ti component. 
Both the fairly narrow NQR spectrum and the single- 
component nuclear magnetization curve indicate good 
quality of the sample. 

Figure 2 shows the temperature dependence of 1/Ti. 
Below Tc, 1/Ti decreases with no coherence (Hebel- 
Slichter) peak, and follows a power-law dependence of 
T". If one fits the data for 3.8 K> T >2.0 K, one gets 
an n ~2.2. This is strong evidence for non-s wave su- 
perconductivity. For s-wave, isotropic gap, 1/Ti would 
show a coherence peak just below Tc and follows an ex- 
ponential temperature dependence at lower temperature. 
The most immediate explanation of our data is the pos- 
sible existence of line nodes in the gap function as in d- 
or p-wave superconductors, where an energy (_E)-linear 
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FIG. 1: ^^Co nuclear magnetization decay curve at T=1.7 K 
fitted uniquely by the expected theoretical curve (see text). 
The inset shows NQR line shape (±3/2 « ±5/2 transition) 
at whose peak T\ was measured. 



density of states (DOS) at low E results in a T" {n—i) 
dependence of 1/Ti. In the presence of disorder/impurity 
scattering, the exponent n could appear smaller than 3 
as shown shortly. For d- or p-wave superconductivity, 
the " coherence factor" 0| due to isotropic pairing is ab- 
sent, therefore the enhancement of 1/Ti just below Tc 
is greatly reduced. If there is no strong divergence of 
the DOS at £' = Aq (Aq is the maximum gap ampli- 
tude), there will be no peak seen just below Tc- The 
slight retarded (by 0.1 K in temperature) drop of l/Ti 
below Tc in the present case could arise from two possi- 
bilities. First, the gap amplitude Aq is small, as shown 
by a simple simulation described below. Second, bulk su- 
perconductivity sets in at a temperature 0.1 K below the 
onset of diamagnetism seen in the susceptibility, which 
is the case that has been encountered previously in some 
superconductors. For example, in the heavy fermion su- 
perconductor Celrlns, although the susceptibility shows 
a superconductin g on set at ^^0.6 K l/^i only starts 
to drop at 0.4 K [l8j. This also happens in the isostruc- 
ture heavy fermion compound CeRhlns in the vicinity of 
magnetic order where 1/Ti shows a rapid decrease at a 
temperature far below the susceptibility onset tempera- 
ture 13. 

At lower temperatures, the decrease of 1/Ti becomes 
more gradual, and below T=1.4 K l/Ti becomes to be 
proportional to T down to T=0.2 K. In the case of nodal 
superconductivity, this result can then be interpreted as 
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FIG. 2: 1/Ti as a function of temperature. The arrow indi- 
cates the superconducting onset temperature in the suscepti- 
bility. The curve below Tc is a calculation for the line-nodes 
gap function in the presence of impurity scattering (see text 
for detail). 



due to disorder or impurity that acts as pair breaker 
[20I I2H . Ti in the superconducting state can be ex- 
pressed as ^^^^ = ^Ji^^f f[E){l- f{E))dE, 
where ^^^^ = ^^f_^^ with iVo being the DOS in the 
normal state and f{E) being the Fermi function. The 
solid curve below Tc shown in Fig. 2 is a calculation as- 
suming line nodes in the gap function, A = Aocos20, 
with Ao=2.6kBTc and a residual DOS (Nres) due to 
impurity (disorder) scattering A^res=0.657Vo- The 
curve fits the data quite well. The deviation from the 
T^ law at quite a high temperature is hence an effect of 
the large Nres that produces a large value of 1/Ti oc T. 
The gap function of A AqcosO, with Ao=3.0fcBTc and 
Nres—0-Q5No can also fit the data. It should be em- 
phasized that s-wave or extended s-wave superconduc- 
tivity in the presence of impurity scattering will lead to 
a fully opened gap J25|, which is inconsistent with our 
results. Finally, we note that it has been shown that the 
anisotropic triangular lattice Hubbard model at or near 
half filling yields superconductivity with a line-nodes gap 
(d-wave gap) ,2^ ^] . 

The clean chiral d-wave or p-wave superconductivity 
with a full gap 0, 0, S 0| does not find immedi- 
ate agreement with our data. On the other hand, the 
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presence of disorder or impurity may fill up the gap, ren- 
dering the low-E DOS. Very recently, Wang and Wang 
calculated the effect of a single impurity /interface on 
d^2_y2 +idxy or Px + ipy superconductivity |2!tI |. and they 
found that the impurity-induced sub-gap states tend to 
cover the whole gap regime of the chiral superconductiv- 
ity. However, it would appear to be a coincidence that an 
S-linear DOS shows up in such a case. Measurements in 
samples with different degree of defect or Na concentra- 
tion may help settle this issue. On the theoretical side, a 
detailed calculation of the spatially-averaged DOS for fi- 
nite concentration of impurity is desirable for comparison 
with experiments. 

Next, we turn to the normal state. In Fig. 3 is shown 
the temperature variation of 1/TiT. There, it is seen 
that the 1/TiT increases with decreasing T. This is 
a feature not seen in conventional metals where 1/TiT 
would be a constant, but resembles the Cu relaxation 
in cuprate high- Tc superconductors with layered square 
lattices. Above T=10 K, l/TiT follows a Curie-Weiss 
law, namely l/TiT = with e=-42 K and C=750 

Sec""'^. We interpret this feature as arising from two di- 
mensional antiferromagnetic fluctuations. For antiferro- 
magnetically correlated itinerant electron systems, the 
staggered spin susceptibility is shown to follow a Curie- 
Weiss type temperature variation jl^ll^. Since 1/TiT 
probes the dynamical susceptibility averaged over the 
momentum space, it is a good probe of electron corre- 
lation, as has been proven in cuprate superconductors. 
In the present case, although ferromagnetic correlation 
is present for large Na concentration (a;=0.7) [l^, anti- 
ferromagnetic coupling was found in low concentration of 
Na Hi] and also in Nao.asCoOa-yHaO [3. 

The unconventional superconductivity developed with 
the background of antiferromagnetic spin correlations in 
Naa;Co02-2/H20 bears close similarities to the case of 
high- Tc cuprates and suggests the importance of electron 
correlations in the occurrence of the superconductivity in 
the layered electron systems. In this regard, the lower 
of the cobaltate may be ascribed to its antiferromagnetic 
exchange energy that is smaller by one order in magni- 
tude than in cuprates [29| . 

In conclusion, we have presented a ^^Co NQR 
study on the recently discovered cobalt oxyhydrate 
Nao.35Co02-yH20 superconductor from T=40 K down 
to 0.2 K. In the normal state the spin-lattice relaxation 
rate 1/Ti follows a Curie- Weiss type temperature (T) 
variation, l/TiT = C/(T - 0), with 9^-42 K, suggest- 
ing two-dimensional antiferromagnetic spin correlations. 
Below Tc—3.9 K, 1/Ti decreases with no apparent co- 
herence peak, and follows T" {n ~2.2) dependence down 
to 2.0 K. At lower temperatures, the decrease of 1/Ti 
becomes more gradual and a 1 /Ti oc T variation was ob- 
served below T—IA K. These data suggest non s-wave 
superconductivity, and are most consistent with the line- 
nodes gap model in the presence of scattering by disor- 
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FIG. 3: 1/TiT develops with decreasing temperature. The 
curve above r=10 K is a fitting to C/{T + 9). 



der/impurity. None of current theories proposed for the 
gap symmetry of the Co02-based superconductor finds 
immediate agreement with our results, and we hope our 
experiment will stimulate further theoretical works. 

After completing this work, we became aware of two 
similar studies by the authors of Ref. [sO] and Ref. , 
but their nuclear magnetization curves can not be fitted 
by a unique Ti and the inferred 1/Ti results that show a 
coherence peak, are quite different from ours. 
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